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Abstract
Infectious bronchitis has remained one of the most difficult to control diseases in poultry since it was first described in 1931. Previous
studies demonstrated that primary CD8 T lymphocytes collected at 10 days post-infection (p.i.) are important in controlling acute infection.
To further investigate the role of memory T cells in protection, T lymphocytes collected from B19/B19 chicken spleens at 2, 3, 4, and 6
weeks p.i. were transferred to six-day-old syngeneic chicks one day prior to challenging with 106 EID50 of the IBV Gray strain. Memory
immune T cells collected at 3 to 6 weeks p.i. provided dose responsive protection from clinical illness. The greatest protection was observed
after the transfer of 107 T cells collected at 6 weeks p.i., whereas T cells collected at 2 weeks p.i. did not protect. Annexin-V staining of
the spleen cells demonstrated that the cells collected at 2 weeks p.i. were undergoing significantly more apoptosis than cells collected at 10
days p.i. Specific antibody production in sera collected at 7 days p.i. did not correlate with protection. T cell subtype depletion demonstrated
that CD8, not CD4, T cells were critical. Memory T cells can be detected in peripheral blood mononuclear cells up to at least 10 weeks
p.i. These results demonstrated that IBV specific CD8 memory T cells generated at 3 to 6 weeks p.i. can protect syngeneic chicks from
acute IBV infection.
© 2003 Elsevier Science (USA). All rights reserved.
Introduction
Infectious bronchitis virus (IBV) is a prototype of the
Coronaviridae family. It is a positive-stranded RNA virus
with four structural proteins: the spike protein (S), which
can be post translationaly cleaved into S1 and S2, the
nucleocapsid protein (N), the membrane protein (M), and
small envelope protein (E) (Collisson et al., 1992; Cavanagh
and Naqi, 1997). Infection of chickens, especially young
chicks, causes a highly contagious respiratory disease with
characteristic but not pathognomonic signs, such as sneez-
ing, coughing, tracheal rales, nasal discharge, and labored
breathing. In addition to the respiratory tract, some strains
of the virus infect and cause lesions in reproductive, enteric
and urinary systems (Collisson et al., 1992; Cavanagh and
Naqi, 1997). In spite of the extensive use of vaccines,
outbreaks of the disease continue to occur and remain a
major problem throughout the world.
Recent studies showed that vigorous cytotoxic T lym-
phocyte (CTL) responses that correlate with initial decrease
in infection and illness can be detected after IBV infection
(Seo and Collisson, 1997). Adoptive transfer of effector T
cells, particularly the CD4/CD8T cells bearing  T cell
receptor (TCR), collected at 10 days post-infection (p.i.)
with IBV, control acute IBV infection in naive chicks (Seo
et al., 2000; Collisson et al., 2000). Studies also demon-
strated that the carboxyl end of N and middle region of S1
house CTL epitopes for MHC compatible chickens (Seo et
al., 1997; Collisson et al., 2000). Chicks inoculated with
DNA plasmids expressing the carboxyl end of N were
protected from IBV infection (Seo et al., 1997). These
results indicated that primary effector CD8 T cells play an
important role in controlling IBV infection.
Immune memory T cells, which are critical for the con-
trol of challenge infection, have been described in mammals
(Ahmed and Gray, 1996; Dutton et al., 1998; Sprent and
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Surh, 2001). However, memory T cell responses in birds
have not been examined. In this study, protective chicken
memory T cells specific for IBV infection were identified.
Adoptive transfer of the memory CD8 T cells collected
from 3 to 6 weeks, but not 2 weeks p.i., protected chicks
from acute IBV infection.
Results
Memory T cells generated from donor chickens at 3
weeks p.i. protected chicks from acute IBV infection
In a previous study we demonstrated that adoptive trans-
fer of effector T cells collected at 10 days p.i. protected
chicks from acute IBV infection (Seo et al., 2000). To
identify memory T cells, spleen cells were collected from
IBV infected chickens at 10 days, and 2, 3, 4, and 6 weeks
p.i., and macrophages and B cells were depleted before
transferring to syngeneic chicks. As showed in Fig. 1A, 106
T cells collected at 2 weeks p.i. (2wT) provided no protec-
tion against IBV infection, while the T cells collected at 3
weeks p.i. (3wT) and 4 weeks p.i. (4wT) marginally pro-
tected chicks. However, 106 immune T cells collected at 6
weeks p.i. (6wT) provided the greatest protection for the
chicks from clinical illness (Fig. 1A). The clinical scores of
chicks receiving 107 T cells are shown in Fig. 1B. Even at
the higher concentration, 2wT did not protect chicks from
IBV associated respiratory illness, while 107 3wT, 4wT, and
6wT significantly protected chicks (P  0.05) at all days
examined from acute IBV infection except for 3wT trans-
ferred chicks at 5 days post challenge. The T cells collected
from aged-matched naı¨ve chickens did not provide any
protection (data not shown).
Apoptosis can be detected in chicken spleen cells after
IBV infection
In mice, 95% of antigen specific effector T cells die of
apoptosis after antigen elimination (Ahmed and Gray,
1996). In the current experiment, chicken T cells collected
at 10 days p.i. and 3 weeks p.i. protected chicks from acute
IBV infection, but 2wT did not (Fig. 1). To determine
whether T cells were undergoing apoptosis, spleen cells
collected at 10 days, 2, 4, and 6 weeks p.i. were stained with
Annexin-V and propidium iodide (PI) (Roche, Indianapolis,
IN) and analyzed with FACS. Spleen cells collected from
age-matched uninfected chickens were used as control. The
results demonstrated that apoptosis could be detected in
chicken spleen cells at 2 weeks p.i. (35.8%), increased at 4
weeks p.i. to 46.2%, and returned to 21% at 6 weeks p.i.
Twenty-seven percent of the control spleen cells and 28.6%
of spleen cells at 10 days p.i. were apoptotic (Fig. 2).
Protection did not correlate with antibody responses
In order to rule out the possibility of antibody participa-
tion in the observed protection, sera were collected at 7 days
post challenge from T cell recipient chicks. Levels of IBV
specific IgG and IgM in the sera were determined by
ELISA. There was no significant difference in IgG re-
sponses detected in chicks receiving immune and chicks not
given T cells (Fig. 3A). IgM levels in chicks receiving 106
T cell was significantly higher (P  0.05) than in control
chicks, but the difference between chicks receiving 107
transferred T cells and control chicks receiving PBS was not
significant (Fig. 3B).
Memory CD8 T cells were critical in protecting chicks
from acute IBV infection
To determine the subtype of the memory T cells respon-
sible for the protection, CD8-enriched or CD4-enriched
T cell preparations were prepared from spleens collected at
4 weeks p.i. using the panning method (Seo et al., 2000).
The enrichment for CD4 and CD8 T cells was about 90%
(data not shown). Five million CD8-enriched (CD4-de-
pleted) or CD4-enriched (CD8-depleted) T cells were
transferred to naı¨ve chicks before infecting with IBV. Clin-
ical signs of respiratory illness in chicks receiving CD8-
enriched T cells were significantly decreased (P  0.05) at
2, 3, and 4 days p.i. (Fig. 4). However, chicks receiving
CD4-enriched T cells showed clinical signs that were
similar to the control chicks receiving PBS (Fig. 4). There-
fore, protection correlated with the presence of CD8 T
cells rather than CD4 T cells.
The T cell memory response can be detected in vitro
An IFN- assay was used to demonstrate the antigen
specificity of memory T cells. IFN- secreted by memory T
cells after stimulated with APC stimulates macrophages to
produce nitric oxide. The nitric oxide concentration in the
supernatant can be used as an indicator of the activation of
memory T cells (Karaca et al., 1996). As showed in Fig. 5,
B19/B19 chicken CK cells expressing N (CK-N) or S1
(CK-S1) of IBV Gray strain stimulated B19/B19 chicken
PBMC produced 3.193 M and 2.284 M of nitric oxide,
respectively. However, B8/B8 PBMC only produced 0.825
M and 0.348 M of nitric oxide, respectively. PBMC were
not stimulated by control APC (CK cells expressing LacZ,
CK-LacZ).
Discussion
Murine T cell responses following virus infection can be
divided into three stages: (i) activation and expansion, (ii)
death, and (iii) memory (Ahmed and Gray, 1996; Whitmire
and Ahmed, 2000). T cells activated by specific antigen
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vigorously expand in 7 to 10 days. After pathogen clear-
ance, most of the antigen specific murine T cells were
eliminated because of apoptosis (Ahmed and Gray, 1996;
Whitmire and Ahmed, 2000). Similarly, antigen specific
CTL activity can be detected in IBV infected chickens at 3
days p.i., reaching maximum levels at 10 days p.i. (Seo and
Collisson, 1997). During this period, acute IBV infection
was resolved and detectable virus was eliminated. Viral
titers decreasing in the lungs and kidneys of IBV infected
chickens was followed by a decline in CTL activity after 10
days p.i. (Seo and Collisson, 1997). In the current study, we
found that adoptive transfer of T cells collected at 2 weeks
p.i. did not protect chicks (Fig. 1) when the number of
apoptotic cells were increasing (Fig. 2). Murine memory T
cells were detected from 4 weeks after lymphocytic chorio-
menigitis virus (LCMV) infection (Ahmed and Gray, 1996).
However, chicken memory T cells were detected at 3 weeks
p.i. with IBV. In mammals, memory T cells can persist for
Fig. 1. Memory T cells can be generated at 3 weeks p.i. T cells were collected from the IBV Gray strain infected chickens at 10 days, and 2, 3, 4, and 6
weeks p.i. One million and 107 T cells were transferred to each of five, six-day-old syngeneic chicks one day before infection with the IBV Gray strain.
Percentage of maximum possible illness which indicates clinical scores as 1–3 pluses as described in Materials and methods was shown for each group after
the challenge. (A) indicated the clinical scores of chicks transferred with 106 T cells. Only the T cells collected at 10 days and 6 weeks p.i. significantly (P
 0.05) protected chicks from demonstrating clinical illness. The T cells collected at 2 weeks p.i. did not protect chicks. The T cells collected at 3 and 4
weeks p.i. only showed one day (second day after challenge with IBV) protection. (B) showed the clinical scores of chicks transferred with 107 T cells. T
cells collected at 2 weeks p.i. did not protect chicks, while T cells collected at 10 days and 3 to 6 weeks p.i. significantly (P  0.05) protected chicks from
the disease, except for 3 week T cell transferred-chicks at 5 days post challenge. *indicates significantly different (P  0.05) from PBS control group.
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many years, perhaps for the rest of the animal’s life (Ahmed
and Gray, 1996). It is not clear how long memory T cells
persist in birds without antigen re-stimulation. We have
demonstrated that chicken memory T cells in PBMC can be
detected up to at least 10 weeks p.i. with IBV (Fig. 5).
However, the duration of memory T cells in the other
tissues, for example, lungs, kidneys, spleens, and trachea,
needs to be further examined.
In mice, the important features of memory T cells are
that upon secondary exposure to antigen they proliferate
massively and secrete various cytokines (Dutton et al.,
1999; Zimmermann et al., 1999; Bachmann et al., 1999;
Veiga-Fernandes et al., 2000; Gray, 2000; Sprent and
Tough, 2001). Adoptive transfer of memory T cells has
been used in controlling cancer (Granziero et al., 1999;
Nishimura et al., 2000) and virus infection (Reddehase et
al., 1988; Whiteside et al., 1993; Riddell and Greenberg,
1995). However, varying results have been reported for
CD8 T cell functions in the immunotherapy. CD8 T cells
are critical in controlling many virus infections (Jamieson et
al., 1987; Reddehase et al., 1988; Whiteside et al., 1993),
while others have found that CD4 T cells and B cells are
also important (Thomsen et al., 1996; Planz et al., 1997; Pan
et al., 2001). In the current study, donor CD8 memory T
cells protected recipient chicks from acute infection for the
first 4 days p.i. with IBV. At 5 days p.i., the chicks showed
mild clinical illness. Similar results have been reported in
mice infected with LCMV. Planz et al. (1997) reported that
CD8 T cells alone only controlled LCMV at the initial
stage of infection but could not eliminate LCMV from mice.
Thomsen et al. (1996) demonstrated that CD8 T cells play
a dominant role in acute LCMV infection, but for long-term
virus control CD4 T cells and B cells were also required.
It was demonstrated that the CD8 T cells were exhausted
without CD4 helper T cells (Thomsen et al., 1996; Planz
et al., 1997). Adoptively transferred CD4 T cells do not
seem to be important in initially resolving IBV infection in
the chicken (Seo et al., 2000; Fig. 4). The low level non-
significant protection observed in chicks receiving CD4-
enriched T cell population (Fig. 4) could also be due to
CD8 T cells contamination or incomplete depletion. The
role of memory B cells in IBV pathogenesis needs to be
further investigated.
Previous studies demonstrated that although CTL activ-
ity declined after 10 days p.i., splenic T cells collected at 2
weeks p.i. still had some CTL activity (Seo and Collisson,
1997), indicating that effector T cells were present in
spleens at 2 weeks p.i. However, the current study demon-
Fig. 2. Apoptosis can be detected in spleen cells two weeks after IBV infection. Chicken spleen cells collected from uninfected chickens (A), from infected
chickens at 10 days p.i. (B), 2 weeks p.i. (C), 4 weeks p.i. (D), and 6 weeks p.i. (E) were stained with Annexin-V and PI. The percentages of apoptotic cells
are shown on each graph. The result was representative of two experiments.
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strated that T cells collected at 2 weeks p.i. could not protect
chicks from IBV infection. Staining of the spleen cells with
Annexin-V and PI showed that 35.8% of the cells collected
at 2 weeks p.i. were apoptotic, while 28.6% and 27% apo-
ptotic cells were detected at 10 days p.i. and uninfected
chickens, respectively. It is likely that some of the effector
T cells were undergoing apoptosis at this stage before mem-
ory T cells were established (Ahmed and Gray, 1996).
Although the maximum number of apoptotic cells can be
detected in the spleens at 4 weeks p.i. (Fig. 2), because
memory T cells have been established, the transferred T
cells protected chicks from clinical illness (Fig. 1). Further-
more, it has been shown in mice that there is a threshold
number of CD8 T cell required for protection (Seder and
Hill, 2000). Although 107 T cells were transferred to each
chick, threshold surviving effector T cells were not avail-
able to protect the chicks from IBV challenge. In addition,
in vitro CTL assay may not represent the T cell function in
vivo. In the CTL assay, T cells contact and kill target cells
directly (Seo et al., 1997). However in in vivo assays, the
function of adoptively transferred T cells would depend on
their homing to the targeted organs or tissues (Reddehase et
al., 1988; Cerwenka et al., 1999), such as lungs and kidneys.
The function of the transferred T cells could also be affected
in vivo by the cytokines produced from lymphocytes and
professional APC (Ahmed, 1996; Tough et al., 1996; Zhang
Fig. 3. The protection did not correlate with antibody titer. (A) IgG titer (expressed in OD630) in sera collected at 7 days p.i. was determined by ELISA.
There were no significant differences among the groups. (B) IgM titer (OD630) in sera collected at 7 days p.i. was determined by ELISA. Although 106
memory T cell transferred chicks had higher titer than PBS control chicks (*P  0.05), the IgM titer in 107 memory T cell transferred chicks was not
significantly higher than control chicks.
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et al., 1998; Dai et al., 2000; Waldmann et al., 2001; Sprent,
2001).
Antibody neutralizing epitopes can be found on the S1,
while both N and S1 have been shown to have CD8 CTL
epitopes (Cavanagh et al., 1988; Seo et al., 1997; Collisson
et al., 2000). The current study demonstrated that CK cells
expressing IBV S1 or N induced memory responses in IBV
infected chicken PBMC, confirming the presence of
epitopes mapping to these structural proteins (Collisson et
al., 2000). Recent studies in mice showed that memory T
cells in nonlymphoid tissue play an important role in con-
trolling virus re-infection (Masopust et al., 2001). It would
be interesting to examine the memory T cell function in
nonlymphoid tissue in chicken.
Several methods can be used to detect T cell responses
(Bercovici et al., 2000), such as CTL assay, T cell prolif-
eration assay, tetramer staining, intracellular cytokine stain-
ing, and ELISPOT. However, those methods need either
radioactive material or special reagents that are not avail-
able for chicken T cell assay. In recent studies, we found
that the macrophages in chicken spleen cell or PBMC can
be stimulated by IFN- to produce NO. The NO level in
spleen cell or PBMC supernatant can be used as an indicator
of T cell activation (Karaca et al., 1996). This assay is even
more sensitive than ELISA for detecting IFN- (data not
shown). The shortcoming of the method is inability to
determine the frequency of memory T cells.
This is the first report on chicken memory T cell study.
IBV specific memory T cells can be generated at 3 to 10
weeks p.i. The memory responses can be detected by in vivo
and in vitro approaches. Adoptive transfer of the T cells
protected syngeneic chicks from acute IBV infection.
Materials and methods
Tissue culture and viruses
Chicken kidney (CK) cells were prepared from 10-day-
old B19/B19 chicks as described previously (Pei et al.,
2001) and cultured in DMEM with 10% FBS, 1.4% sodium
pyruvate, 0.1 mM MEM non-essential amino acids, 100
units/ml penicillin and 100 g/ml streptomycin. The IBV
Gray strain was propagated by inoculating allantoic sacs of
11-day-old chicken embryos (Sneed et al., 1989). Allantoic
Fig. 4. CD8 memory T cells are critical in protecting chicks from acute
IBV infection. Five million CD4 enriched or CD8 enriched T cells were
transferred to each of five, six-day-old syngenic chicks. The chicks were
challenged with IBV Gray strain one day after the transfer. Percentage of
maximum possible illness was shown for each group at the indicated times.
Chicks receiving CD8 enriched T cells were significantly (*P  0.05)
protected at 2, 3, and 4 days post challenge.
Fig. 5. Antigen specific memory responses can be detected in vitro. B19/B19 and B8/B8 chicken PBMC collected at 9 to 10 weeks p.i. were stimulated with
B19/B19 APCs. Nitric oxide concentrations in the supernatants were detected by using Griess reagent. B19/B19 chicken kidney cells expressing IBV Gray
strain N (CK-N) and S1 (CK-S1) stimulated the B19/B19 PBMC (black bars), while PBMC collected from B8/B8 chickens were not stimulated by B19/B19
APCs (white Bars). Control APC, B19/B19 CK cells expressing LacZ gene (CK-LacZ), did not stimulate the PBMC.
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fluid harvested 36 h p.i. was used as the source for viral
inoculation.
Experimental animals
B19/19 and B8/8 chicks were used in this study (Briles
and Briles, 1982). Chicks were hatched from eggs shipped
from Northern Illinois University (NIU). The eggs were
from fully pedigreed matings of parents homozygous for
known B system (MHC) haplotypes. The NIU breeding
flocks have been maintained for 30 years in specific patho-
gen-free isolation without vaccination for any diseases.
Chicks were housed in a specific pathogen-free environment
at the Laboratory Animal and Resources and Research Fa-
cility (Texas A&M University, College Station, TX).
Preparation of lymphocytes
Four-week-old chickens were infected with 107 EID50/
chicken of the IBV Gray strain. Spleen cells were collected
from the IBV infected chickens at 10 days, and 2, 3, 4, and
6 weeks p.i. Control lymphocytes were prepared from un-
infected age-matched chickens (Seo et al., 2000). Red blood
cells were removed by centrifuging the spleen cells through
a Ficoll-Hypaque density gradient (Histopaque 1.077,
Sigma, St. Louis, MO). Adherent cells were removed by
incubating on plastic petri dishes, and B cells were depleted
with nylon wool columns (Seo et al., 2000). The T cell
enriched preparations were resuspended in PBS prior to
inoculation.
Depletion of T lymphocytes subtypes
CD8 and CD4 T cells were enriched as described
previously (Seo et al., 2000). Briefly, tissue culture flasks
were coated with goat anti-mouse IgG (10 g/ml). The T
cell enriched preparations were labeled with mouse anti-
chicken CD4 or CD8 monoclonal antibody (25 g/ml)
(Southern Biotechnology Associates, Birmingham, AL) be-
fore adding to IgG-coated flasks and incubating at room
temperature for 1 h. Decanted nonadherent cells were added
into another IgG-coated flask and incubated for 1 h. Non-
adherent cells were collected and resuspended in PBS (pH
7.2) before transferring to chicks.
Detection of spleen cell apoptosis
The apoptosis of spleen cells was determined by detect-
ing phosphatidylserine (PS) (Vermes et al., 1995) with An-
nexin-V-FLUOS Staining Kit (Roche, Indianapolis, IN) as
described in the instruction manual. The necrotic cells were
discriminated from apoptotic cells by propidium iodide (PI)
staining. The stained cells were analyzed by a FACSCalibur
(Becton Dickinson, San Jose, CA) flow cytometer, using
CellQuest (Becton Dickinson) acquisition software. Green
fluorescence from fluorescein was collected through the
530/30-nm bandpass filter, and orange fluorescence from PI
through the 585/42-nm bandpass filter. List mode data were
acquired on a minimum of 10,000 events defined by light
scatter gates. Data analysis was performed in FlowJo (Tree-
star, Inc., Palo Alto, CA), using forward and side light
scatter to gate on the lymphocyte population.
T cell inoculation and IBV challenge
Six-day-old B19/19 chicks were inoculated with 0.5 ml
of the T cell preparations by the wing veins. One day after
the T cell transfer, chicks were challenged with 106 EID50
of the IBV Gray strain by the nasal-ocular route. Chicks
were examined daily for clinical illness which was scored
as: , no clinical illness; , coughing or sneezing; ,
coughing or sneezing and rales; , coughing or sneez-
ing, and rales plus dyspnea (Pei et al., 2001). The percent-
age of maximum possible illness for each group was calcu-
lated as: (A/B)  100, where A was the clinical score (i.e.
in the number of pulses) observed for all chicks in a group,
B was the maximum possible clinical score (i.e., in the
number of pluses) for the total number of chicks in a group
(Pei et al., 2001).
Anti-IBV antibody detection
Sera were collected from individual chicks at 7 days p.i.,
the last day examined. The anti-IBV antibodies in the
chicken sera were detected by ELISA (Ndifuna et al., 1998).
Preparation of antigen presenting cells (APC)
The S1 and N genes of the IBV Gray strain were cloned
into a Semliki Forest virus vector (SFV-3) (Gibco BRL,
Grand Island, NY) as described in the instruction manual.
RNAs were transcribed in vitro from SpeI-linearized recom-
binant vectors and transfected into CK cells by using
DEMRI-C reagent (Gibco BRL, Grand Island, NY). The
CK cells collected at 24 h after transfection were used as
APC.
Stimulation of peripheral blood mononuclear cells
(PBMC) with antigen presenting cells
PBMC were collected from IBV infected B19/B19 and
B8/B8 chickens at 9 to 10 weeks p.i. as described previously
(Seo and Collisson, 1997). The cells were cultured at a
density of 2  107/ml in RPMI-1640 (Gibco BRL, Grand
Island, NY) with 10% FBS, 100 U/ml of pen/strp, 5 105
M -mercaptoethanol, 1 mM sodium pyruvate, and 1 mM
nonessential amino acids, and stimulated with APC at a 20:1
ratio.
Detection of nitric oxide (NO)
The supernatants of cultured PBMC were collected at
48 h after stimulation. The NO concentration was deter-
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mined by Griess regent (Sigma). Briefly, 50 l of the
supernatants were mixed with 50 l of Griess regent in
96-well assay plate and incubated for 15 min at room
temperature. Sodium nitric solutions with 1 to 10 M con-
centrations were included as standards (Pei et al., 2001).
Statistics analysis
ANOVA (analysis of variance) was used to analyze the
clinical score, NO concentration and antibody titer. P 
0.05 was considered as significant.
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